Insulin resistance is strongly associated with obesity, but even among obese subjects insulin sensitivity varies widely. Recently, a new adipocyte hormone, resistin, was identified, shown to reduce insulin-mediated glucose uptake, and shown to be increased in obese mice. We used the chromosome 19 draft sequence to determine the genomic structure of human resistin and to screen the exons, introns, and flanking sequences for variation. We screened 44 subjects with type 2 diabetes and 20 nondiabetic family members who were at the extremes of insulin sensitivity. We identified eight noncoding single nucleotide polymorphisms (SNPs) and one GAT microsatellite repeat. Three SNPs, which were in incomplete linkage disequilibrium with each other and had allelic frequencies exceeding 5%, were selected for further study. No SNP was associated with type 2 diabetes, but the SNP in the promoter region was a significant determinant of insulin sensitivity index (P ‫؍‬ 0.04) among nondiabetic family members who had undergone iv glucose tolerance tests. The three common SNPs showed statistical significance as determinants of insulin sensitivity index (P < 0.01) in interaction with body mass index. Noncoding SNPs in the resistin gene may influence insulin sensitivity in interaction with obesity, but this finding will need to be confirmed in other populations. (J Clin Endocrinol Metab 87: 2520 -2524, 2002)
T YPE 2 DIABETES (T2DM) is characterized by both in-
sulin resistance, which precedes and predicts the onset of diabetes (1, 2) , and, in 80 -85% of subjects, obesity. Although insulin resistance correlates closely with obesity and measures of fat mass, the mechanisms by which elevated body fat causes reduced insulin sensitivity are unknown. Adipocytes secrete a number of factors that might modulate insulin sensitivity, including FFAs (3), TNF-␣ (4), IL-6 (5), adiponectin (6) , and perhaps other factors. Recently, a novel, cysteine-rich, adipocyte-specific secretory factor was identified in mouse adipocytes and was detectable in serum (7) . This factor, called resistin, had increased levels in both genetic and diet-induced obesity in mice (7) . Furthermore, exogenous resistin altered glucose tolerance and reduced insulin action in normal mice (7) . Finally, PPAR␥ agonists, which improve insulin sensitivity, decreased resistin levels in both ob/ob mice and Zucker diabetic fatty rats (7) . This new hormone was proposed as an adipokine that is secreted in response to the nutritional state of animals (7, 8) , although available published studies of resistin gene expression in human tissues have raised questions about the role of this gene in humans (9, 10) .
Based on the data from mice, we hypothesized that genetic variation in the resistin gene might explain the previously observed heritability of insulin action (11, 12) in members of familial T2DM kindreds. In this study, we identified nine variants in and near the human resistin gene. We show a statistically significant influence of resistin variants on insulin sensitivity in nondiabetic members of familial T2DM kindreds in interaction with body mass index (BMI) as a measure of obesity.
Subjects and Methods

Experimental subjects
All studies were conducted on individuals of Northern European ancestry ascertained in Utah, as described in detail elsewhere (13) . All subjects provided written informed consent under a protocol approved by the University of Utah Institutional Review Board. Insulin sensitivity was determined by tolbutamide-modified iv glucose tolerance tests with minimal model calculation of the insulin sensitivity index (S I ), as described previously (12 /(pmol/liter)]. Association studies with T2DM were conducted in 68 unrelated family members with T2DM, 61 unrelated individuals ascertained individually for T2DM and a family history of diabetes, and 118 nondiabetic control individuals, most ascertained as spouses of family members. The effect of resistin sequence variants on insulin sensitivity was tested in 119 nondiabetic members from 26 families for whom measurements of S I and resistin polymorphism typing were available.
Materials and methods
Molecular screening. Intron-exon structure was derived by comparison of the resistin cDNA sequence (7) and the chromosome 19 draft sequence (GenBank accession no. NT_011145). Exon 1 is untranslated. Intron 3 showed disagreement between the two draft sequences, and primers were designed to avoid the area of disagreement, which we did not resolve. We screened approximately 800 bp of 5Ј flanking sequence, including the untranslated exon, exons 2-4, all of introns 1 and 2, 220 bp of intron 3 (excluding the uncertain gap of 100 -200 bp), and 160 bp of 3Ј flanking region (Fig. 1) . Four sets of primers gave amplicons of 320 -550 bp, which were subsequently digested to fragments of 100 -280 bp before single-strand conformation polymorphism (SSCP) analysis under two conditions: 5% acrylamide with 10% glycerol, and 1ϫ mutation detection enhancement gel (BioWhittaker Molecular Applications, Rockland, ME). PCR primers and oligonucleotide ligation assay primers and conditions are available from the authors. We have shown previously that these two conditions have nearly 100% sensitivity (14) . Each SSCP variant was confirmed by direct, bidirectional sequencing (15) using M13 forward and reverse sequencing primer sequences appended to each forward and reverse PCR amplification primer. Amplification products were column purified (Qiaquick PCR purification kit; QIAGEN, Chatsworth, CA) before direct sequencing. PCR product was sequenced with fluorescent infrared dyes and detected on a Li-Cor GR4200 sequencer (Li-Cor, Inc., Lincoln, NE) using the Direct Cycle Sequencing Kit with 7-deaza-dGTP (Amersham Pharmacia Biotech, Inc., Piscataway, NJ).
Single nucleotide polymorphism (SNP) typing. Four sequence variants (SNPs) initially appeared sufficiently frequent (minor allele frequency Ͼ5%) on SSCP screening of the 64 individuals to type in the population association studies and metabolic panels (Table 1 and Fig. 1 ). SNPs 3 and 6 -8 and the GAT microsatellite (Table 1) were either in complete linkage disequilibrium (SNPs 2 and 3) or were seen in fewer than four individuals on initial screening. SNP1 (putative promoter region, Ϫ179 from transcription start) was typed with enzyme EarI (New England Biolabs, Inc., Beverly, MA), and SNP 5 was typed with enzyme BanI (New England Biolabs, Inc.). SNP2 and SNP4 were typed using an oligonucleotide ligation assay (16) in which the allele-specific primers were labeled with ␥-32 P-ATP and the common primer was unlabeled. Radioactive images were collected on a Storm optical scanner (Molecular Dynamics, Inc., Sunnyvale, CA). Images were scored with the Scanalytics GeneImagR system (Scanalytics, Inc., Fairfax, VA) and exported into Excel spreadsheets, which in turn were converted to Access database files for analysis and further manipulation.
Statistical analysis. Association of each resistin SNP with diabetes was tested using allelic frequencies and standard 2 ϫ 2 contingency tables. Because SNP4 was rare on actual typing, it was not included in subsequent analyses. Association of each resistin SNP with altered insulin sensitivity used mixed effects regression models, as we have described previously (17) . This method corrects for family relationships but allows entry of covariate and interaction terms (17) . For each SNP, we tested S I as the dependent variable; BMI and age as covariates; gender, genotype, and diagnosis (impaired glucose tolerance vs. normal) as fixed factors; and pedigree membership as a random factor (18) . All skewed variables (BMI, S I ) were natural logarithmically transformed to normality before analysis. Because the three SNPs are in strong linkage disequilibrium, and similarly the analyses with and without interaction with BMI are correlated, we report all results without Bonferroni correction. All analyses were performed using SPSS for Windows (SPSS, Inc., Chicago, IL). Linkage disequilibrium was calculated after establishing haplotype frequencies using gene-counting and the expectation maximization algorithm (19) using the EH and 2LD computer programs (20) .
Results
We identified eight SNPs and one trinucleotide (GAT n ) repeat among 64 individuals, as described above. The results are reported in Table 1 and shown in Fig. 1 . No variant altered the coding sequence, and only one variant was located in the 5Ј flanking region. SNPs 2 and 3 gave identical patterns in all sequenced individuals and, thus, appeared to be in complete linkage disequilibrium. Only SNP2 was investigated further. Minor allele frequencies of SNP6, SNP7, and SNP 8, along with the GAT repeat were too rare (Ͻ5% based on SSCP screening) to justify further typing. Because noncoding variants may alter transcription or translation of the resistin gene or be in linkage disequilibrium with an undetected variant that might alter resistin mRNA levels, we tested for an association with the four SNPs (SNPs 1, 2, 4, and 5; Table 1 and Fig. 1) , for which the minor allele frequency appeared to exceed 10% on initial screening. We first examined 129 unrelated diabetic individuals of Northern European descent (87 men and 42 women; mean BMI, 27.8 Ϯ 8.1) and 118 unrelated nondiabetic control individuals (54 men and 64 women; mean BMI, 27.8 Ϯ 6.2). SNP4 (nucleotide 282483) was rare on further typing (Ͻ1%); thus, we had insufficient power to determine an association. Allele frequencies were statistically equivalent among individuals with T2DM and nondiabetic control individuals for the three remaining SNPs, SNP1, SNP2, and SNP5 (Table 1) .
We next examined 119 nondiabetic members from 26 fam- Table 1 . Horizontal arrows show the locations of the primers used for screening and sequence confirmation. Nucleotide locations are referenced to the beginning of the coding sequence in exon 2, as shown in Table 1 .
ilies for whom we had both resistin SNP genotypes and insulin sensitivity as determined by frequently sampled iv glucose tolerance test and minimal model analysis (12, 21) . No resistin gene variant had an effect on BMI (P Ͼ 0.16). We then used a mixed effect model to test for an effect of resistin gene polymorphisms on S I as the dependent variable, with the natural logarithm of BMI as a covariate, while controlling for family membership, gender, and glucose tolerance status. Only SNP1 in the 5Ј flanking region showed statistically significant effects on S I (P ϭ 0.038), although a trend was also seen for SNP2 (P ϭ 0.07). SNP5 had no effect on S I , and we had insufficient power to evaluate the role of SNP4 due to the low minor allele frequency. Because resistin is hypothesized to be one link between obesity and insulin resistance (22), we repeated the mixed model analysis to include an interaction between resistin variants SNP1, SNP2, and SNP5 and logarithmically transformed BMI. Genotypes for all three variants showed statistically significant interaction with BMI to determine S I , with P values for the interaction of SNP1 and BMI of 0.011, SNP2 and BMI of 0.005, and SNP5 and BMI of 0.010. SNP1, SNP2, and SNP5 were in strong linkage disequilibrium (Table 2; P Ͻ 10 Ϫ5 for all associations), as might be anticipated given the relatively close distance between SNPs (Ͻ1 kb).
To further explore the interaction of SNP1, SNP2, and SNP5 with obesity, we repeated the mixed model analysis but divided our subjects into four groups according to BMI: under 25.0, from 25.0 -30.0, over 30.0 -35.0, and over 35.0. Thus, BMI was converted to a fixed factor rather than a covariate. In this analysis, only SNP1 and SNP2 remained as statistically significant determinants of S I , and significance was reduced to P ϭ 0.038 and P ϭ 0.028, respectively. Examination of marginal means for S I by obesity class and by genotype shows that individuals who carry the rare allele for SNP1 (CG heterozygotes) have improved insulin sensitivity over individuals with the common (CC) genotype (Fig. 2) ; similarly, the common genotype for SNP2 reduced S I with increasing BMI (Fig. 3) .
Discussion
Although reduced insulin sensitivity commonly accompanies obesity, the variation in insulin resistance even among obese individuals is considerable. Furthermore, multiple studies have demonstrated that insulin sensitivity is familial. Genetic variation in adipocyte genes that alter insulin sensitivity, thus, could explain the observed genetic predisposition to insulin resistance in combination with obesity. Resistin seems to be a good candidate for such variation. Resistin levels in the mouse were increased in insulin-resistant states and were decreased by the thiazolidinedione class of insulin sensitizers (7) . Insulin sensitivity and glucose tolerance were improved when circulating resistin was neutralized with antibodies to the protein (7) . Based on these data, resistin was hypothesized to be the signal to decrease insulin-stimulated glucose uptake (7). We screened the human resistin gene for sequence variants and identified a total of nine variants. None of the variants are expected to alter the coding sequence, and only three of these variants were sufficiently common to justify further analysis. Of these variants, none were associated with T2DM in a case control study. This finding is not surprising, because insulin resistance is only one component of the risk of T2DM and resistin alone might be unlikely to predispose to diabetes. Furthermore, our association study was not powered to detect a minor role in increasing diabetes risk. We estimated only 40 -50% power to detect a 10% difference in minor allele frequencies between diabetic individuals and nondiabetic individuals for the frequency range of these three variants. Similarly, calpain-10 is associated with decreased glucose oxidation and increased postload glucose but not diabetes in Pima Indians (23) and in the families under study here (24) .
In contrast to studies of diabetes, we do show an effect of resistin variants on insulin sensitivity among individuals at high risk for future diabetes. The effects of the three resistin sequence variants on S I are most striking when examined in the context of interaction with BMI, where all three variants show similar effect. In each case, the common homozygous genotype appears to reduce insulin sensitivity relative to the heterozygous genotype (see Figs. 2 and 3 ). Similar findings have been reported for calpain-10 (23, 24). One might speculate that these noncoding variants alter mRNA levels or perhaps translation and, thus, circulating resistin levels. That alteration would be more pronounced in individuals with higher BMI and, thus, greater fat mass. Because the three variants are in strong linkage disequilibrium, the variant responsible cannot be determined from this study. Indeed, the functional variant could be in a region further upstream or in the small region of intron 3 that was not sequenced.
Because each hypothesis we tested was correlated, we reported the significance of our results without Bonferroni correction. Were that correction fully included for nine tests, only the effects of SNP2 in interaction with BMI would remain statistically significant. However, given the correlation Fig. 1 for position of variants. SNP7 is within the GAT microsatellite. Nucleotide positions are based on sequence NT_011145 but are referenced to the A in the ATG codon that begins the exon 2 coding sequence as 1. ND, Not determined (see text); NS, not significant; UTR, untranslated region. Linkage disequilibrium, presented as DЈ, is shown below the diagonal; distances taken from the NT_011145 sequence are shown in base pairs (bp) above the diagonal. All DЈ values shown are significant at P Ͻ 0.000001.
between the SNPs, the correlation between tests, and the finding of significant (P Ͻ 0.05) association in four of six tests of the hypothesis that resistin alters insulin sensitivity, we believe this correction would be overly conservative. The number of individuals homozygous for the rare allele at each of these variants was small, and because the effect of these variants seems to be primarily in the most obese individuals, we had little power to detect a gene dosage effect. Ultimately, further study, including replication of these results in other populations that include more subjects with BMI over 30, will be required to confirm the importance of these variants in the relationship of obesity and insulin resistance and to determine the variant responsible.
Two recent published studies have raised questions about In this analysis with S I as the dependent variable, SNP2 was significant at P Ͻ 0.001, and the interaction of SNP2 and obesity class was significant at P ϭ 0.028.
the role of resistin in humans (9, 10) . These studies have questioned whether human resistin is indeed expressed in adipose or is instead an inflammatory marker. Furthermore, the homology between human and mouse resistin is incomplete, raising the possibility that human resistin is more closely related to other resistin-like molecules and may have different action than mouse resistin (25) . Even the role of mouse resistin may be in doubt. Recent studies in mouse models of genetic obesity and insulin resistance suggested that resistin was suppressed rather than increased by obesity and was increased rather than decreased by thiazolidinediones (26) . Although our data would support a functional role of resistin in human insulin sensitivity, further work is clearly needed to explore the role of resistin in insulin sensitivity and obesity. In summary, our data suggest that noncoding sequence variation in the resistin gene may alter the interaction of BMI and S I . The mechanism of action of this variation remains to be determined. To our knowledge, this study is the first evidence that human resistin may play a role in insulin sensitivity. However, our data are based on members of only 26 families with a very strong propensity to T2DM. The hypotheses proposed by this study must be confirmed in other populations and other ethnic groups, and in vitro studies of these variants will be needed to identify the actual biological variant that presumably alters the interaction between resistin gene expression and obesity.
